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Summary minus-drag performance at Mach numbers from
0.60 to 1.25. At Mach numbers from 2.16 to 2.86,
Investigations have been conducted in the the cruciform nozzle had the best thrust-minus-

Langley 16-Foot Transonic Tunnel (at Mach drag performance.
numbers from 0.60 to 1.25) and in the Langley ]
Unitary Plan Wind Tunnel (at Mach numbers Introduction
from 2.16 to 2.86) at an angle of attack 6ft0
determine the isolated performance of several Compact, nonaugmented turbojet powered
expendable nozzle concepts for supersonicpayloads designed to cruise at supersonic speeds
nonaugmentedurbojet applications. The effects after being air or rocket launched would initially
of centerbody base shape, shroud length, shroudperate subsonically and then accelerate through
ventilation, cruciform shroud expansion ratio, and the transonic speed range to reach cruise speed.
cruciform shroud flap vectoring were A payload capable of being air launched and
investigated. The nozzle pressure ratio range,perhaps carried internally in an aircraft must be
which was a function of Mach number, was compact, light, and as economical (i.e., it is a
between 1.9 and 11.8 in the 16-Foot Transonicconsumable) as possible. This means some
Tunnel and between 7.9 and 54.9 in the Unitary compromises in performance and efficiency for
Plan Wind Tunnel. Discharge coefficient, all components, including the nozzle, are
thrust-minus-drag, and the forces and momentsacceptable to obtain simplicity of design.
generated by vectoring the divergent shroud flapsHowever, use of a simple fixed geometry nozzle,
(for Mach numbers of 0.60 to 1.25 only) of a optimized for a supersonic cruise Mach number,
cruciform nozzle configuration were measured. can result in large overexpansion losses at
off-design Mach numbers and at low nozzle
Nozzle configurations with a concave pressure ratios. This can result in poor thrust-
centerbody base had a discharge coefficient abouminus-drag performance in the subsonic/transonic
2 percent higher than nozzle configurations with a speed range, which in some cases could be
convex centerbody base for nozzle pressure ratiodnsufficient for acceleration through that speed
above 3.0. The shortest nozzle had the best thrustrange. For efficient thrust-minus-drag
minus-drag performance at Mach numbers up toperformance with a turbojet engine over this
0.95 but was approached in performance by otherbroad spectrum of speeds, the logical nozzle
configurations at Mach numbers of 1.15 and 1.25. installation would have variable geometry to
At Mach numbers above 1.25, the cruciform maintain fully expanded exhaust flow as ambient
nozzle configuration having the same expansion Mach number changes. The engine operating
ratio (2.64) as the fixed geometry nozzles had thepressure ratio depends on Mach number and
best thrust-minus-drag performance. Ventilation ranges from about 2 at subsonic speeds to about
of the fixed geometry divergent shrouds to the 50 at supersonic speeds. However, if at all
nozzle external boattail flow generally improved possible, it is preferable to use a fixed geometry
thrust-minus-drag performance at Mach numbersnozzle if adequate thrust-minus-drag performance
from 0.60 to 1.25, but decreased performancecan be obtained for acceleration through the
above a Mach number of 1.25. When the transonic speed range.
cruciform nozzle shroud flaps were positioned for
combined pitch and yaw vectoring at subsonic  Utilization of a nonaugmented turbojet engine
and transonic speeds, significant aerodynamic andor propulsion conceptually permits incorporation
propulsive forces and moments were generatedof the aft portion of the turbine centerbody as part
that may be utilized for vehicle control. For of a convergent-divergent nozzle flow path. That
shrouds having the same expansion ratio, thrust-is, the absence of an afterburning duct section for
minus-drag comparisons at typical mission high reheating the flow ahead of the nozzle throat
and low altitude engine operating pressure ratiosmeans the throat can occur as far forward as the
indicated that the short nozzle had the best thrust-annular area between the turbine centerbody outer



surface and the duct wall. This throat location Cp
results in a short exhaust flow path and was
selected as the starting point for the design of fivecC
fixed geometry nozzle (shroud) concepts and one
simplified variable geometry nozzle concept. The
concepts consisted of nozzles with long and short
fixed geometry shrouds (with and without axially Dt
venting the divergent section to ambient flow); a
fixed geometry shroud with annular venting to
ambient flow in the divergent section; and a
simplified variable geometry nozzle with four Dp
moveable flaps in a cruciform cross-sectional
shaped divergent shroud. All the nozzles had an
axisymmetric internal body representing the rear
portion of a turbine centerbody with either a d
concave or convex base geometry.

The purpose of this investigation was to
determine the internal performance and isolated dm
thrust-minus-drag of the nozzle concepts statically
and over a Mach number range from 0.60 to 2.860nc
for a range of nozzle pressure ratios. For testing
purposes, the nozzles were attached to a generic
strut mounted test pod through which high F
pressure air passed to simulate the propulsion_
system exhaust. The test pod was axisymmetric in '
shape with the forward portion attached directly
to the strut support system. Forces and moments
were measured only on the aft (metric) portion of
the test pod, which included the nozzle, using a
six-component force balance to attach that portion
of the model to the forward (nonmetric) portion of F;
the test pod.

Symbols and Abbreviations F-D
AF balance axial force, Ib
Ae nozzle exit area, th
M
At nozzle geometric throat area, 10.81% in
NF
a cruciform shroud flap position (see
fig. 4(f)); with all four flaps in this
position nozzle expansion ratio is 2.92
NPR
b cruciform shroud flap position (see
fig. 4(f)); with all four flaps in this
position nozzle expansion ratio is 2.64 PM

local pressure coefficientp & Peo)/Goo

cruciform shroud flap position (see
fig. 4(f)); with all four flaps in this
position nozzle expansion ratio is 1.90

calculated skin friction drag of metric

portion of model forward of nozzle
connect station, Ibf

calculated pressure drag bbattailed
portion of model forward of nozzle
connect station, Ibf

cruciform shroud flap position (see
fig. 4(f)); with all four flaps in this
position nozzle expansion ratio is 1.27

model maximum diameter, 7.340 in.

model diameter at nozzle connect
station (Sta. 54.760), 6.758 in.

measured thrust (M = 0), Ibf

ideal isentropic gross thrust,

2
g O (v-1)/v
woERijo2y o Op O

P P[,jH

, Ibf
0 g2 Ay -1
B g8

BEAT,

resultant thrust (am = 0) or resultant
force (Wind-on),x/F2 +NF2 + SP? , Ibf

measured thrust-minus-drag (dt> 0),
Ibf

gravitational constant, 32.174 ft/8ec
free-stream Mach number

normal force (in vertical plane
perpendicular to model axis, positive

upwards), Ibf

nozzle pressure rati, j/p, for
M=0or p/p, for M>0

pitching moment, in-lb



Pa
P, j
Pt,oo
Peo

Qo

Mmax

rad

SF

Sta.

typ

UPWT

local pressure, psi Wp
ambient pressure, psi X
average jet total pressure, psi

free-stream total pressure, psi YM
free-stream static pressure, psi y
free-stream dynamic pressure, psi

radius, in.

gas constant for air, 1718feé-°R

measured flow rate, Ibf/sec

axial distance measured from nozzle
connect station, Sta. 54.760 (positive
downstream), in.

yawing moment, in-lb

vertical distance measured from model
centerline, in.

distance of pressure orifices in axial
nozzle vent from shroud exterior
surface, in.

16FT TT Langley Research Center 16-Foot

free-stream Reynolds number per foot
radial ordinate from model centerline, vy
in.

A
maximum radial ordinate of
centerbody, 2.202 in. %
radius
side force (in horizontal plane
perpendicular to model axis, positive to g,
right), Ibf
Station: distance from tip of model nose
as installed in 16-Foot Transonic
Tunnel (see fig. 2), in. 0]
jet total temperaturéR
free-stream total temperatuf&®
trailing edge of nozzle shroud adij

typical

Langley Research Center Unitary Plan aero
Wind Tunnel

ideal flow rate, jet
g - [fv+l)/(v 1)
D g Y
P, A ,1bf/sec u
. DRJTtJ

Transonic Tunnel
ratio of specific heats for air, 1.3997
incremental value

pitch vector angle for nozzle
with cruciform shroud, tar} NF/F for
M =0 or tarrl NF/(F - D) for M >0,
deg

yaw vector angle for nozzle
with cruciform shroud, tart SFF for
M =0 or tamrl SF/F -D) for M >0,
deg

meridian angle measured from top of
model (0), clockwise when looking
upstream, deg

Subscripts:

vectored cruciform nozzle data adjusted
for geometric, installation, and flow
asymmetries

cruciform nozzle vectored flap
aerodynamic (jet off) contribution

cruciform nozzle vectored flap jet
contribution

cruciform nozzle flaps in 2a + 2d
positions, unvectored



un indicates uncertainty range for section intersection). The cylindrical portion

parameter (7.340 in. in diameter) of the forebody was
reduced in length by 5.76 in. (see fig. 2) for the
Y cruciform nozzle flaps in 2a + 2d tests in the UPWT to avoid impingement on the
positions, vectored nozzle boattail surface of wall reflected shocks
originating at the model nose (Sta. 5.760 for

Apparatus and Methods UPWT tests). At the end of théorebody
(Sta. 40.890) there was a 0.10 in. wide gap to

Wwind Tunnels prevent contact between the nonmefacebody

and the metric afterbody. This gap was spanned
The investigation was conducted in the by a free floating flexible strip in an annular

Langley Research Center 16-Foot Transonic 91°°Ve to inhibit flow into or out of the model

Tunnel (ref. 1) and the Langley Research Centerinterior. A portion of _the metric afterbody was of
Unitary Plan Wind Tunnel (ref. 2). The 16FT TT the same 7.340 in. diameter (up to Sta. 49.210) as
is a single return, continuous air exchange, the forebody. Between Sta. 49.210 and 54.760 the

atmospheric wind tunnel with an octagonal test afterbody diameter was reduced from 7.340 in. to

section having slots at the wall vertices. The 6':58 :jn. at a h:lf anglei of*3Sta. 54'76_0 'Sf
distance between opposite walls is 15.5 ft. Test rererre t(? da_ls t € nqzzhg connect station for
section cross-sectional area is 199.15 ftThe purposes ot discussion in this report.

tunnel has a speed range capability from Mach ) .
number 0.20 to 1.30. In both wind tunnels an external high-pressure

air system provided a continuous flow of clean,
dry air for propulsion simulation at a controlled
stagnation temperature of about 3R0in the

model instrumentation section. The air was
supplied through the support strut (see fig. 2) by
six tubes, collected in a high pressure plenum
located in the model forebody, and was then

The high speed testsM(= 2.16) were
conducted in the low speed test section of the
UPWT, which is a variable-pressure, continuous-
flow facility. The rectangular test section is 18 ft
in cross section and 7 ft in length. An asymmetric
sliding-block type nozzle is used to expand the X ) i
flow to the test section and is capable of providing routed aft. The air was then dischargedially

continuous test section Mach number variation "0 @ Iow-pressure plenum through eight multi-
from 1.50 to 2.90. holed sonic nozzles equally spaced around the aft

portion of the high pressure plenum. This
arrangement is intended to minimize the forces
imposed by the transfer of axial momentum as the
air passes from the nonmetric high pressure
plenum to the metric low pressure plenum. Two
flexible metallic bellows serve as flow seals and
compensate for axial forces caused by
pressurization.
test

The nominal free-stream conditions in the two
facilities for this investigation are summarized in
table 1.

Test Pod and Support Systems

Photographs showing the model
assemblies in the 16FT TT and UPWT test .
sections are presented in figure 1, and a Cross_loclf;[etgeoi](sI;-:eT:[rés;hier(\:?izozr:e c(iaenrltaerrllilrrl]: WTiSe
sectional schematic of the sting-strut supported . . . L
model as installed in the 16FT TT is presented in centerline of the sting portion of the sting-strut
figure 2. The axisymmetric forebody was support system was 22.0 in. below the test section
nonmetric (not attached to the force measuring cgnterllne. The sting was26 in. in cross _sectlon
balance) and extended back to model Sta. 40.890W'.th top _and pottom capped by h".’llf cylinders of
The forebody nose had an ogive shape to reducel'm' radius (fig. 2). The st.rut portion was svyept
the strength of the external flow expansion around gﬁor%ndofwg; ?npelrncet?]tethl'JCPkV\?_trre%vT]\iAéﬁth;ghaa
the forebody shoulder (nose-to-cylindrical cross ' '



4-ft by 4-ft test section, an identical strut support would, based on the known performance
(no sting) was used and was mounted directly tocharacteristics of divergent nozzles operating well
the test section sidewall (fig. 1(c)) in the below their design point, not have good thrust
horizontal centerline plane of the test section. Theperformance at the low pressure ratios required at
length of the strut put the model centerline subsonic/transonic Mach numbers because of
3 in. past the vertical centerline plane of the testflow overexpansion effects. In actual operation,

section. flow separation from the overexpanded divergent
nozzle walls usually results in significantly higher

Nozzles thrust performance than would be expected. The
extent of this beneficial separation is not

Nozzle Design Considerations accurately predictable without testing and is

dependent to some degree on nozzle internal

The primary requirement for efficient nozzle C€ontour. For example, use of an empirical
thrust performance at a supersonic Mach numberrelatlonghlp arrived at in reference 4 from the
is that the nozzle divergent section have sufficient cOrrelation of some scale model nozzle data
area ratio(Ao/A) to expand the engine exhaust allows estimation of a minimum value of nozzle
flow to ambient pressure. However, a turbojet thrust recovery to be made from analytically
powered configuration having a fixed geometry determined peak and overexpanded thrust ratios

nozzle optimized for supersonic performance O @ given geometry. However, the author of
would encounter its most critical phase of reference 4 observed that thrust recovery for an
operation in the transonic speed range where jtactu@l nozzle at overexpanded conditions will
must produce sufficient thrust to overcome the @lmost always be higher than the empirical
drag rise and accelerate to supersonic speed®Stimate since such items as leakage,
Since air launched payloads are usually discontinuities, and flow p_rofll_es gen_erally

consumables and are carried in or on other airéncourage more flow separation in the divergent

vehicles, their cost, weight, and size become S€ction.
important factors in the trades to be made against

aerodynamic performance during the design 1Nhe possibility of improving the thrust
process. As shown in figure 3 (from ref. 3), a performance of fixed geometry, overexpanded,

payload designed to cruise at a high Supersonicconvergent-divergent nozzles at subsonic and

Mach number would require the nozzle to operate ransonic Mach numbers by ventilation of the
at nozzle pressure ratios from about 2 whendivergent portion of the nozzle to external
launched subsonically to over 50, depending on conditions was indicated by the investigation of
the supersonic cruise Mach number. Since reference 5. The nozzles were vented (slotted)

longitudinally from the throat to the exit so that

mechanical complexity generally accompanies the |
the external flow on the nozzle boattail and the

ability to change nozzle area ratio, and X ’
complexity is directly related to cost, optimizing internal flow (or separated internal flow regions)

area in this manner for a broad range of flight could communicate through whatever pressure
conditions would not be the desirable approach differential might exist between them. The results

unless absolutely necessary. In effect, costOf reference 5 indicate that ventilating the
considerations drive the design to a fixed divergent portion of a nozzle having an expansion

geometry nozzle with a large area ratio capable of'@ti0 (Ag/A) of 2.24 significantly improved
producing high thrust efficiency at the cruise thrust ratio at overexpanded conditions (statically

Mach number and engine operating pressure ratio@nd at Mach numbers from 0.8 to 1.2 at low

With this as the starting point for nozzle nozzle pressure ratios). When a nozzle pressure

performance, it becomes imperative to determine,fatio of about 8.0 was reached, the thrust
and try to improve, the off-design performance of improvement disappeared and some thrust ratio
what is essentially a nozzle designed for loss was evident. However, the ventilated nozzle

supersonic cruise. The large area ratio nozzleWas not tested at its original supersonic design



Mach number, so the magnitude of thrust ratio 1(b)) or a limited amount of thrust vectoring if the
loss due to ventilation at fully expanded cruise flaps were independently actuated.
conditions was not determined.
The two wunvented fixed geometry
Nozzle Models axisymmetric shrouds differed in length (figs. 4(a)
and (c)) but had identical internal geometry up to
Six nozzle shroud concepts were designed foran x/dnc of 0.236 (compare tables 2 and 3). The
air-breathing nonaugmented turbojet applications short shroud length, as measured from the nozzle
at supersonic speeds. Shroud geometry is definecconnect station, was approximately 75 percent
by the sketches shown in figure 4 and by the that of the long shroud with internal divergence in
coordinates provided in tables 2 through 5. Five both shrouds being terminated at the exit at a half
of the shroud designs (figs. 4(a) through (e) andangle of 11 relative to the nozzle centerline. The
tables 2 through 4) had fixed axisymmetric internal contour of the short shroud was derived
geometry and an area ratio of 2.64 (design nozzleto encourage shroud flow separation at low
pressure ratio of 17.1). The fixed geometry shroud overexpanded nozzle pressure ratios and to
design variables consisted of length, internal minimize shock losses near design nozzle
contour, and venting to the free stream. The sixthpressure ratio (fully expanded flow conditions).
shroud design (fig. 4(f)) incorporated a simplistic The cruciform shroud was approximately
variable geometry having four flaps forming a 22 percent longer than the fixed long shroud and
cruciform cross-sectional area. On this nozzle, thehad the same internal geometry up toxé of
flaps were capable of movement in two- 0.319.
dimensional channels in the divergent shroud
integrated into the basic axisymmetric flow path. =~ The nozzles with axially vented shrouds
In the simplest form, the flaps would be fixed in (fig. 1(c) and figs. 4(b) and (d)) were the same
place in a low expansion ratio position using pieces of hardware used for the unvented nozzles
explosive bolts, and at some higher Mach numbershown in figures 4(a) and (c). The slots were
(probably near supersonic cruise), the explosivemachined after all the unvented nozzle
bolts would be activated and the four flaps would configurations had been tested in both wind
move outward (due to internal pressure loads ortunnels. The venting was intended to allow the
springs) to provide a higher, more optimum higher pressure air on the external boattail to flow
nozzle expansion ratio. Another possible mode of into the low pressure or separated area of the
operation would be to allow the flaps to free-float overexpanded shroud to improve nozzle
and self-adjust to various expansion ratios performance at off-design conditions by
depending on the internal/external load balanceincreasing the pressure in the overexpanded area
on the flaps. In either case, the four flap positions and perhaps encourage earlier separation without
provided for this configuration (see fig. 4(f)) recourse to the complexities of variable geometry.
would be useful to help determine the most
beneficial conditions for explosive bolt activation The nozzle shroud with the annular venting
and/or define the nozzle performance envelope.(fig. 1(d) and fig. 4(e)) had the same overall
In the most complex form, the four nozzle flaps length as the long fixed geometry shroud
would be independently actuated (controlled) to (fig. 4(a)). It also had the same internal flow path
provide a more continuous optimization of geometry as the long fixed geometry shroud up to
expansion ratio. With the four flaps in their an x/dnc of 0.448, which is the location of the
second most open position (position b) in the trailing edge of the forward portion of the shroud
channels, this shroud also had an area ratio of(compare tables 2 and 4(a)). Details of the annular
2.64 (same as the fixed geometry nozzle designs)slot shape can be obtained from the differences
Unequal deflection of each of the four flaps to one between the coordinates presented in table 4 for
of the four available positions could be used to the forward and aft shroud components. The
provide intermediate area ratios (figs. 1(a) and locations and geometry of the six lenticular



(double convex circular arc cross sections) shapedocated as described in tables 6 and 7. It should
struts that span the annular slot and support the afbe noted that, for ease of fabrication, neither the
portion of the shroud are shown in figure 4(e). internal nor external shroud orifices were installed
The amount of shroud area opened to flow from in a row (i.e., at a given meridian angle). Four
the nozzle boattail was approximately the same(those near the nozzle geometric throat) of the
for all three vented nozzles. The area ratio of the 10 centerbody static pressure orifices were also
annular shroud was also 2.64. not on the same meridian angle as the 6 orifices
closest to the centerbody axis of symmetry (see
The six shrouds were tested with centerbodiestable 8).
that represented the aft portion of a turbine having
either a convex base or a concave (truncated and Static pressures on the internal nozzle
recessed) base (fig. 4(a) and table 5). The nozzlesurfaces, where high pressure levels were
geometric throat A; = 10.816 id) was in the anticipated, and at the metric break station were
shape of a cone frustum whose slant height wasmeasured on individual differential pressure
defined by connecting the aft point of the concave strain-gauge transducers. On the aft portion of the
centerbody X/d,c = 0.12726) to the closest point divergent section of the shroud and on the model
on the shroud internal surface. All nozzle external surface, where lower levels of static
configurations had identical internal flow path pressure were expected, measurements were made
geometry up to the geometric throat so that all using electronic pressure scanning units housed in
changes in either shroud or centerbody geometrythe model forebody.
occurred in the divergent portion of the flow path.
With a given centerbody, some of the shrouds hadData Reduction
identical internal nozzle geometry for some
distance downstream of the geometric nozzle  Approximately 50 frames of data, recorded at
throat as can be seen by comparing coordinatesy rate of 10 frames per second, were taken for
for the fixed geometry shrouds in tables 2, 3, each data point; average values were used in all
and 4. computations.

Instrumentation The balance measurements are initially
corrected for model weight tares and balance

A six-component force balance was used to interactions. Although the bellows arrangement
measure the combined external (aerodynamic)was designed to eliminate pressure and
and internal (thrust) forces and moments on themomentum effects on the balance readings, small
model downstream of Sta. 40.890. Jet total bellows tares on all components still exist. These
pressure was measured with sets of four pressurdares result from a small pressure difference
probes mounted on three of the six centerbodybetween the ends of the bellows when internal
support struts in the constant area annular ductvelocities are high and also from small differences

section ahead of the nozzle centerbody (whichin the spring constants of the forward and aft
represented the aft portion of a turbine bellows when the bellows are pressurized. As

centerbody, see fig. 2). Jet total temperature discussed in reference 6, these bellows tares were
was measured with two thermocoup|es at determined by testing calibration nozzles with
approximately the same location as the total known performance over a range of nozzle
pressure probes. Mass flow in the high pressurepressure ratios while applying force and moment
air system was calculated from pressure andloadings that simulate the ranges expected for the
temperature measurements made in calibratedest nozzles. The balance data were then corrected

critical flow venturis external to the model. for these tares in a manner similar to that
discussed in references 6 and 7.

The fixed geometry nozzle shroud surfaces  The corrected balance forces and moments are
had internal and external static pressure orificesiansferred to the body axis of the metric portion



of the model. In the 16FT TT the pitch attitude of & = tamrl (NF/(F-D)) and §y = taml

the nonmetric forebody relative to gravity was (SF/F - D)) for M > 0.

determined from a calibrated attitude transmitter

located in the model nose. The aerodynamic angle The data contained in this report were obtained
of attack of the metric portion of the model was from three separate wind tunnel entries, which
determined by applying terms foafterbody necessitated gathering instrumentation and
deflection under load (balance bending) and for building up the test apparatus three times. Proper
test section flow angularity to the nonmetric test technique required that the instrumentation
forebody angle measured by the attitude for each test entry be calibrated and that the
transmitter. The test section flow angularity used appropriate balance force and moment tares be
in setting the metric afterbody at an angle of determined each time. The nozzles were tested
attack of O in the 16FT TT was 0°Lwhich is the  first in the 16FT TT and then in the UPWT.
average of measurements made during tests ouring the UPWT test entry the long and short
similar models. In the UPWT the model was unvented shrouds were tested and then modified
mounted from the sidewall at a geometric angle of iIn @ machine shop to create the axially vented

attack of 0 and no flow angularity adjustment shrouds (without vent wall pressure orifices) and
was made. retested. After the UPWT entry six pressure

orifices were installed in the axial vent walls of
the two shrouds. Then a second entry into the
16FT TT was made to test the axially vented
shrouds and some cruciform nozzle

Nozzle discharge coefficientw,/w;) is the

ratio of measured weight flow to ideal weight
flow, where ideal weight flow is based on jet total configurations with additional shroud flap

pressurefk,), total temperatureT;), and nozzle  qeiiings. Because of the multiple test entries, the
throat area(A). Nozzle discharge coefficient is ige range of pressure transducer capacities used,
then a measure of the ability of the nozzle to passand the multiple determinations of the balance
mass flow. Thrust ratiqF/F) or thrust-minus-  force and moment tares, a concise determination
drag ratio (F — D)/F;) is obtained by dividing the of uncertainty bands is not practical. However, a
corrected axial force, measured by the balance adiscussion of the force balance and pressure
a given nozzle pressure ratio and Mach number,transducer accuracy is contained in appendix A.

by the ideal thrust. For static (wind-off)

conditions, this is a measure of the ability of the ~ The force balance derived data in the body of
nozzle to convert the supplied mass flow into an this report represent the measured performance
axial (thrust) force. For wind-on conditions it is a for the entire metric afterbody of the model.
measure of the net axial force resulting from the Isolated nozzle-only performance data can be
combination and interaction of aerodynamic and obtained by applying adjustments for the skin
nozzle thrust forces. Resultant force rati/F) friction and pressure drag on that portion of the
is obtained by dividing the resultant force from metric afterbody forward of the nozzle connect
the corrected force balance measurements alongtation. Simple calculations have been made of
the three body axes (i.e., axidf)(or (F - D), the two aforementioned adjustments and are
normal (NF), and side (SF)) by ideal thrust. The discussed in appendix B. However, it is not
nonaxial force components (NF and SF) can ariseNecessary to include these adjustments in the data
as a result of external aerodynamics, asymmetricwhen the various nozzle configurations are
flow separation in the divergent portion of the compared since the adjustments are unaffected by
nozzle, and vectoring the cruciform nozzle flaps nNozzle efflux at a given Mach number and are
to turn the flow. Vector angles in the pitch and independent of nozzle configuration. The
yaw planes §, and dy) are defined asd, = adjustments will be of use if the absolute level of

tarr1 (NF/F) andd, = tamL (SFF) for M = 0, and performance for a particular nozzle is desired at a
’ specific nozzle operating condition.



pressure ratio (NPR). For a given nozzle
configuration, internal/pj) and external @p)

Data were obtained in the 16FT TT (which is pressure data are presented for each Mach
an atmospheric wind tunnel) at static conditions Nnumber. Pressure data for some intermediate
and Mach numbers from 0.60 to 1.25, and in the hozzle pressure ratios have been omitted for
UPWT at static conditions (with the tunnel circuit graphical clarity. No pressure data are presented
pumped down to a low ambient pressure) and atfor the cruciform nozzle configurations since only
Mach numbers of 2.16, 2.50, and 2.86. Nominal centerbody pressures were obtained.
values of the free-stream test conditions for each
facility are presented in table 1. Only nominal  In general, the 16FT TT data are presented
values and ranges of test conditions are presentegeparately from the UPWT data since some
since the ability to maintain identical test changes in figure scales were appropriate. The
conditions from day to day and configuration to wide range of NPR tested in the UPWT made it
configuration was limited by variations in desirable to compress the NPR scale for
atmospheric conditions (16FT TT) and the presentation purposes. A change in t@g
addition of jet mass flow to the tunnairstream  (pressure coefficient) scale for the two speed
(pumping capacity at UPWT). It should be noted ranges was also appropriate because of the larger
that model Reynolds number with a given nozzle variations of external pressures that occurred in
installed would be computed using a different the NPR range applicable to the subsonic and
model length (see fig. 2) for tests conducted in thetransonic speeds. In addition, the subsonic and
16FT TT than in the UPWT. The shorter model transonic external pressur€yj data scale for the
(nose) was used in the UPWT to avoid axially vented long shroud configurations was
impingement on the model of wall reflected changed to accommodate the low pressures
shocks that originate at the model nose at themeasured on the walls of the vents. Some
lowest UPWT Mach number of 2.16. centerbody pressure data are not presented since

the pressuresoverranged the instrumentation

Model angle of attack was held constant at 0 capability at high NPR.
for the investigation. The nozzles were tested at
nozzle pressure ratios within the range from  The experimental data and comparisons of the
1.9t0 11.8 in the 16FT TT at subsonic and performance of the various nozzle configurations
transonic Mach numbers, and within the range are presented in the following figures:

Tests

from 7.9 to 54.9 in the UPWT at the three high Figure

supersonic Mach numbers. To ensure a turbulent o

boundary layer over the model, a 0.1 in. wide Nozzle performance characteristics for

transition strip of No. 100 carborundum particles the nozzle with

was fixed 1.5 in. downstream of the tip of the

model nose in the 16ET TT tests. In the UPWT Long unvented shroud ............cccooeveveeeeeennnins 5

tests, a 0.1 in. wide transition strip of Long axially vented shroud .............c.ccccveveunnen. 6

No. 50carborundum particles was fixed 1.2 in.

downstream of the tip of the model nose. Long annularly vented shroud ......................... 7

Presentation of Results Short unvented shroud .........cccccceeeiiiiiiiiinnenen. 8
Short axially vented shroud ..........c...cccceeene 9

The results of this investigation are presented
graphically as the variation of discharge
coefficient (w,/w;), thrust ratio E/Fj), thrust-
minus-drag ratio § — D)/F;), normal force ratio
(NF/F;), side force ratio (SIF/), pitch vector
angle @), and yaw vector angl&) with nozzle

Cruciform shroud with flaps in position a..... 10
Cruciform shroud with flaps in position b..... 11

Cruciform shroud with flaps in position c..... 12



Cruciform shroud with flaps in position d..... 13
Cruciform shroud with flaps in position

20+ 2D 14
Cruciform shroud with flaps in position

28 % 2C oo 15
Cruciform shroud with flaps in position

28+ 2d o 16

Cruciform shroud with flaps in position
2a + 2d, vectored

Nozzle internal and external pressure
data with

Long unvented shroud with concave
centerbody base

Long unvented shroud with convex
centerbody base

Long axially vented shroud with concave
centerbody base

Long axially vented shroud with convex
centerbody base

Long annularly vented shroud with concave
centerbody base

Long annularly vented shroud with convex
centerbody base

Short unvented shroud with concave
centerbody base

Short unvented shroud with convex
centerbody base

Short axially vented shroud with concave
centerbody base

Short axially vented shroud with convex
centerbody base

Comparison of nozzle thrust-minus-drag
performance for

Configurations having shrouds with same
expansion ratio

Cruciform shroud configuration with flaps

iN various PosSitioNS ...........cccccvvrreeeeeeeeeeeenennnns 29
Various shroud configurations at nozzle
operating NPR ..., 30
Cruciform shroud configuration

adjusted vector angles with flaps in position

2a + 2d at nozzle operating NPR ................. 31

Discussion

17 Discharge Coefficient
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Long and Short Axisymmetric Nozzles

Discharge coefficients were generally in the

range between 0.91 and 0.94 at nozzle pressure
ratios above 3.0 for
axisymmetric nozzles at all Mach numbers tested
(see figs. 5 through 9). For a given configuration,
discharge coefficient varied little as nozzle
pressure ratio was increased above 3.0. Where

the long and short

spdata were available for comparison for a given

nozzle shroud geometry, discharge coefficient
was about 0.02 higher with the concave

21centerbody base than with the convex centerbody

base above a nozzle pressure ratio of 3.0
(see fig. 5).

At nozzle pressure ratios between 2.0 and 3.0,

all nozzles with the concave centerbody base

23experienced an increase in dischaogefficient

between 0.03 and 0.05 before reaching a nearly
constant level for the remainder of the nozzle

4pressure ratio range (see fig. 5(a)). Venting the

divergent portion of the nozzle shrouds to external
flow had no noticeable effect on discharge
coefficient (compare fig. 5 with figs. 6 and 7).
This result was expected since all the venting was
well downstream of the throat and all the data
were obtained at nozzle pressure ratios above the
choked condition (sonic flow at the throat).

o7Above the choked condition, mass flow is

affected only by throat area and the geometry
upstream of the throat.

Centerbody and shroud internal surface

pressure measurements indicate that the consistent

28 differences in discharge coefficient that occurred
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for the two centerbodies (e.g., fig. 6(a)) are a above 3.0 where data for comparison were
result of differences in the location and nozzle available (e.g., fig. 10). As nozzle pressure ratio
pressure ratio at which sonic flow/jp;j = 0.5283)  was increased from 2.0 to 3.0, discharge
occurred on the centerbody. For example, whencoefficient increased for most of the
the wind-off centerbody pressure data for the two configurations with the concave centerbody base.
axially vented long nozzle configurations are This increase in discharge coefficient decreased in
compared (figs. 20(a) and 21(a)), projection of the magnitude as the shroud flap angle was decreased
location of the first occurrence of sonic flow onto (smaller nozzle exit area) until the d position was
the nozzlecenterbodysketch shows that sonic reached (fig. 13) where the discharge coefficient
flow occurs on the base of the concave was essentially flat for the entire nozzle pressure
centerbody(at r/dyc= 0.20), and in the annular ratio range.

flow passage downstream of the geometric throat

location on the convexcenterbody (at Effect of Centerbody Base Geometry on
r/dnc = 0.24). Since sonic flow occurs at the same Thrust-Minus-Drag Performance

location on the shroud for both centerbody

configurations this indicates that the Shape of the The pressure levels on the Centerbody bases
sonic line between the shroud and concavewere greater than the capacity of the pressure
centerbody surfaces is distorted or angled andinstrumentation selected for some of the static,
results in a larger effective throat area than for subsonic, and transonic test conditions. Therefore,
configurations with the convex centerbody. A in figures 18 through 27, there are some nozzle
larger effective throat area would explain the pressure ratios at which no local pressure ratios

consistently higher discharge coefficients are presented on the centerbody plots.
obtained for configurations having the concave

centerbody at nozzle pressure ratios of 3.0 andLong Unvented Shroud
above.
The thrust-minus-drag ratio data of figure 5

The first indication of sonic flow on the show the effect of nozzle centerbody geometry at
centerbodies in these same wind-off centerbodya gi\/en Mach number over the range of nozzle
pressure distributions occurs at a nozzle pressureyressure ratios. In the subsonic/transonic speed
ratio of about 4.5 on the concave centerbody andrange the thrust-minus-drag performance of the
at a nozzle pressure ratio of about 2.5 on theconfiguration with the concave centerbody base
convex centerbody. Examination of the discharge was generally higher than the performance of the
coefficient data of figure 6 indicates that these configuration with the convex centerbody base at

nozzle pressure ratios approximate the nozzlemach numbers equal to or greater than 0.95.
pressure ratios above which discharge coefficient

becomes constant for each of the configurations. The largest effects of centerbody base
_ geometry occurred at Mach numbers of 0.60 and
Cruciform Nozzles 0.90, where K — D)/F; for the configuration with

the concave centerbody base decreased abruptly
Discharge coefficients were generally in the by about 0.06 relative to the configuration with
range between 0.91 and 0.95 at nozzle pressurghe convex centerbody base at nozzle pressure
ratios above 3.0 for the cruciform nozzle ratios above 5 and 4, respectively. At low nozzle
configurations at all Mach numbers tested (seepressure ratios, the nozzles of the current study
figs. 10 through 17). For a given configuration, are greatly overexpanded (exit area too large) and,
discharge coefficient varied little with increasing at subsonic speeds, the internal flow is separated
pressure ratio above 3.0. For a cruciform nozzlefrom the shroud internal surface. As is generally
with a given shroud flap position, discharge the case with greatly overexpanded nozzles, the
coefficient was about 0.02 higher with the thrust performance at nozzle pressure ratios well
concave centerbody base at nozzle pressure ratiogelow that for fully expanded flow is better when
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the flow is separated than it would be if the flow lower pressures over a portion of the convex
were attached. This is illustrated in figure 5(a) centerbody base. However, the lower pressures
where there is an abrupt decrease in thrust-minusare present at all Mach numbers and apparently
drag ratio at Mach numbers of 0.60, 0.80, 0.90, do not act over a large enough projected area to
and 0.95 when the nozzle pressure ratio reaches ahow an effect on the thrust-minus-drag data. It is
value where flow attaches to tlmerexpanded not known why the thrust-minus-drag ratio data
divergent shroud. The shroud internal pressure(fig. 5(a)) and pressure data (figs. 18(d) and
distributions of figures 18(c) through (f) and 19(d)) at the intermediate subsonic Mach number
figures 19(c) through (f) indicate flow attachment of 0.80 do not also indicate the persistence of
at the nozzle pressure ratios at which the thrust-fully separated internal flow for the configuration
minus-drag ratio abruptly decreases. This flow with the convexcenterbody to aiigher nozzle
behavior in a greatly overexpanded nozzle is pressure ratio than the configuration with the
typified by the occurrence of an additional thrust- concave centerbody base.
minus-drag performance peak at some nozzle
pressure ratio below that for fully expanded flow Long Axially Vented Shroud
conditions.
The thrust-minus-drag ratio data of figure 6
The shroud internal pressure data of figures 18indicate that the configuration with the convex
and 19 can be used to show that the difference incenterbody base generally had higher
thrust-minus-drag ratio performance between performance than the configuration with the
configurations with the concave and convex concave centerbody base by about 0.01 to 0.02 in
centerbody bases at Mach numbers of 0.60 andF - D)/F; at subsonic Mach numbers.
0.90 is a result of the different shroud flow Comparison of pressures on the shroud internal
conditions. For example, at a Mach number of surface for the two different centerbody
0.60, the shroud internal pressure data indicategeometries (figs. 20 and 21, (c) through (f)) does
that at a nozzle pressure ratio of 6.0 the internalnot show a difference in pressure level that would
flow is attached to the shroud for the explain the source of the difference in
configuration with the concaveenterbodybase performance. At supersonic Mach numbers, the
(fig. 18(c)) and is separated from the shroud for centerbody geometry effects on thrust-minus-drag
the configuration with the convegenterbody performance are smaller.
base (fig. 19(c)). The difference in local pressure
ratio (p/p;j) between the configurations is Long Annularly Vented Shroud
approximately 0.08 and occurs betweenxétyc
of 0.32 and 0.62. Computation of the incremental  The thrust-minus-drag ratio data of figure 7(a)
axial force due to that pressure differential on the indicate that there was no significant difference in
projected axial area of the shroud in thxéd,c performance due to centerbody base geometry at
range results in a thrust-minus-drag ratio subsonic and transonic Mach numbers. No
increment of about 0.067. Comparison of the comparison can be made at the high supersonic
thrust-minus-drag ratios in figure 5(a) for the two Mach numbers since data were not obtained for
configurations at a Mach number of 0.60 and athis shroud configuration with the convex
nozzle pressure ratio of 6.0 indicates that this iscenterbody in the UPWT.
the order of magnitude of the performance
difference. A similar computation was made at a Short Unvented Shroud
Mach number of 0.90 and a nozzle pressure ratio
of 5.0 and yielded a thrust-minus-drag ratio The thrust-minus-drag ratio data of figure 8
increment of 0.062. indicate that the effect of centerbody base
geometry on performance was small over the
There is also an indication in tleenterbody  range of nozzle pressure ratio at subsonic speeds
pressure distributions of figures 18 and 19 of but that the configuration with the convex base
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had slightly higher performance at subsonic nozzle pressure ratios above 5.0. With the flaps in
speeds and the configuration with the concaveposition b (fig. 11(a)), the performance of the
base generally had higher performance atconfiguration with the concave centerbody base
supersonic speeds. Examination of the pressurewvas higher over the nozzle pressure ratio range
distributions on the internal surface of the shroud tested except at a nozzle pressure ratio of 4.0 at a
(figs. 24 and 25) indicates that the nozzle internal Mach number of 0.60. At the three high
flow was separated from the shroud surface fromsupersonic Mach numbers, the configuration with
anx/dnc of about 0.32 to the nozzle exit for all the the flaps in position b (fig.11(b)) and the convex
subsonic and transonic Mach numbers over thecenterbody base had the best performance over

range of nozzle pressure ratios investigated. the nozzle pressure ratio range by amounts up to a
maximum of about 0.015 ir-(- D)/F;. Data were
Short Axially Vented Shroud not obtained in the UPWT for the cruciform

shroud with the flaps in position a and the convex

The thrust-minus-drag ratio data of figure 9(a) centerbody base. The lack of pressure
indicate that in general there was no significant instrumentation on the cruciform shroud
effect of centerbody base geometry on nozzleprecludes any attempt to explain differences
performance at subsonic speeds but themeasured by the force balance using pressure
configuration with the concave base generally had measurements.
slightly higher performance at transonic speeds.
At Mach numbers of 2.16 and 2.50 (fig. 9(b)) at Effect of Shroud Configuration on Thrust-
low nozzle pressure ratios, the configuration with Minus-Drag Performance With Concave
the convex centerbody base had higher Centerbody Base
performance before dropping down to a constant
(F - D)/Fi level of about 0.88. The configuration Comparisons of the thrust-minus-drag

with the concave base showed a similar drop inperformance of the model with the six different

performance at a Mach number of 2.16. The nozzle shrouds and the concave centerbody base

reason for this behavior is not readily evident gre shown in figure 28. The cruciform shroud

from comparison of the pressure data of configuration selected for these comparisons has

figures 26 and 27, (i) and (j), although there the flaps in position b so that its expansion ratio

appears to be an indication of separated flow (2.64) is the same as the five configurations with

betweenx/d,c of 0.32 and 0.50 in figures 26(i), fixed geometry shrouds at the design nozzle

27(i), and 27(j) that is not present in figure 26(j).  pressure ratio of 17.1. The comparisons shown in
figure 29 are for the cruciform nozzle with the

Cruciform Shroud various shroud flap positions and the concave
centerbody.

Thrust-minus-drag ratio data for a given

cruciform shroud configuration with both Thrust Ratio for Nozzles Having Same

centerbodybase configurations were obtained Expansion Ratio at Static Conditions

with the flaps in positions a and b. The subsonic

and transonic data of figures 10(a) and 11(a) Statically (fig. 28(a)) at low nozzle pressure

indicate that at Mach numbers above 0.60 theratios (below the nozzle design pressure ratio of
configuration with the concave centerbody base 17.1), the two short shroud configurations had the
generally had better thrust-minus-drag pest performance while at the high nozzle

performance by varying amounts than the pressure ratios, above 18.0, they had the poorest
configuration with the convex centerbody base performance. Comparison of the pressure data of
over the nozzle pressure ratio range. At Mach figures 18(a) and 24(a) indicates the higher thrust
number 0.60, the configuration with the flaps in ratios for the short shroud nozzle at the low

position a (fig. 10(a)) generally had higher nozzle presssure ratios are a result of higher
performance with the concave centerbody base atpressure on the centerbody base and slightly
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higher pressure over the divergent surface of theannularly vented shroud in the separated region.
shroud. The configuration with the cruciform Above a nozzle pressure ratio of 20, the annular
shroud had the worst thrust performance at low vent caused a small decrease in performance.
nozzle pressure ratios and the best thrust
performance at nozzle pressure ratios above 14.0. Wind-on Thrust-Minus-Drag Ratio for Nozzles
Having Same Expansion Ratio
The data of figure 28(a) also show that for the
short shroud nozzles, the axial vents had a The wind-on thrust-minus-drag ratio data of
negligible effect on thrust ratio below a pressure figure 28 show that the configuration with the
ratio of 5 and above a pressure ratio of 30. axially vented short shroud generally had the best
However, in the range of nozzle pressure ratiosperformance at Mach numbers through 1.25.
from 10 to 30, the axial vents improved Above Mach number 1.25 (fig. 28(e)) the
performance. Comparison of the internal configuration with the cruciform shroud (b flaps)
pressures on the shroud walls of these twohad the best performance above a nozzle pressure
configurations (figs. 24(b) and 26(b)) indicates ratio of 16.0 at all three Mach numbers while the
that the vents produced higher pressures (whichtwo short shroud configurations had the poorest
will reduce drag) on the wall of the overexpanded performance at all nozzle pressure ratios. The
shroud downstream of the minimum internal cause of the wind-on performance differences can
diameter of the shroud in this nozzle pressuregenerally be determined if the shroud internal
ratio range. The axial vents in the long shroud pressure distributions are compared (for the
nozzle configuration decreased thrust ratio shrouds that have internal pressure orifices). For
performance by about 0.02 over the range of low example, at a Mach number of 2.86 and a nozzle
nozzle pressure ratios (top of fig. 28(a)). At the pressure ratio of about 40, the data of figure 28(e)
high pressure ratios (bottom of fig. 28(a)), there show that there is a difference in thrust-minus-
was a smaller decrease in performance. At adrag ratio of 0.038 between the configurations
nozzle pressure ratio of about 9.0, the axial ventswith the long and short unvented shrouds.
substantially improved thrust ratio performance; Examination of the shroud internal surface
however, only a single data point indicates this at pressures of figures 18(k) and 24(k) shows that
the start of the high nozzle pressure ratio sweep.the long unvented shroud had a considerably
No significant differences in the shroud internal higher level of pressure over the rearmost portion
pressure distributions of figures 18(a) and (b) and of the shroud (internal and external). Cursory
figures 20(a) and (b) indicate the source of any of calculations of the axial forces on the projected
these thrust ratio differences except at a nozzleareas of the diverging portions of the two shrouds
pressure ratio of 10 where the vented shrouddownstream of a/d,cof 0.3 indicate that there
showed higher wall pressures. is about a 0.042 difference in thrust-minus-drag
ratio attributable to the internal pressure
Statically, the annularly vented shroud gave distribution differences in this area.Similar
thrust ratio performance comparable to the long comparisons show that the drop in thrust-minus-
unvented shroud at nozzle pressure ratios belowdrag ratio for the configuration with the long
3.5. At nozzle pressure ratios between 3.5 and 20unvented shroud above a nozzle pressure ratio of
the nozzle with the annular vented shroud had the5.0 at a Mach number of 0.60 (fig. 28(b)), which
higher performance. A comparison of internal does not occur with the short unvented shroud, is
pressure distributions on the shroud walls in this attributable to a sudden decrease in shroud
pressure ratio range (figs. 18(b) and 22(b)) internal surface pressures betwesd.= 0.3 and
indicates the wall pressures were higher on the0.7 (figs. 18(c) and 24(c)). This decrease in
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shroud internal pressure at nozzle pressure ratioperformance drop probably also occurs for the
of 6 or greater is probably caused by a jet plumenozzle with the flaps in the a position (highest
reattachment on the long shroud that does notexpansion ratio tested) at a nozzle pressure ratio

occur on the short shroud. above the maximum tested at static conditions.
This flow condition in a highlyoverexpanded
Effect of Flap Position on Thrust-Minus- nozzle often results in two thrust ratio peaks at

Drag Performance for Nozzle With both static and wind-on conditions as discussed
Cruciform Shroud and Concave previously. The one exception to the general
Centerbody Base performance trend with increasing expansion ratio

occurred in the high nozzle pressure ratio range

The cruciform shroud was designed so that the'Where the configuration with two flaps in
moveable flaps could be set for four discrete POSition @ and two flaps in positiond had a
expansion ratios (i.e., flap positions a, b, c, and gsignificantly lower thrust ratio (by about 0.02)
as described in the table of fig. 4(f)). The nozzle than the configuration with all four flaps in
was tested with the flaps set for these four nozzlePOSition ¢ despite having a slightly higher
expansion ratios over the Mach number range andeXPansion ratio.
the data are included in figure 29. It was also ] )
possible to assemble the cruciform nozzle atWind-on Thrust-Minus-Drag Ratio for Nozzle
expansion ratios between the four symmetrical With Flaps Set for Various Expansion Ratios
flap design expansion ratios by setting the four ) )
individual flaps in different positions. To this end, The thrust-minus-drag data of figures 29(b)

some intermediate expansion ratio configurations through (e) show the gradual improvement in
(the two flaps in one plane were set in one of the Performance with increasing Mach number for the

four positions and the two flaps in the other plane configurations with the high expansion ratios until
were set in another of the four positions) were & & Mach number of 0.95 the peak performance
investigated statically at high nozzle pressure ©f the nozzle with the flaps in position c is the
ratios and at the three high supersonic MachSame as with the flaps in position d at a nozzle

numbers and the data are included in figure 29. ~ Pressure ratio of about 7.5. As Mach number is
increased above 0.95, the peak nozzle

Thrust Ratio for Nozzle With Flaps Set for performance with the flaps in position d decreases

Various Expansion Ratios at Static Conditions while the nozzles with higher expansion ratios
continue to improve in performance. At the

Statically, the cruciform nozzle thrust ratio highest Mach number (2.86) and highest nozzle
performance (fig. 29(a)) is generally as would be Pressure ratio of this investigation, the thrust-
expected. That is, at the lowest pressure ratios, thaninus-drag ratio of the lowest expansion ratio
configurations with the low expansion ratios had nozzle is about 0.06 lower than that of the three
the best performance while at the highest nozzlehighest expansion ratio nozzles. The poorer
pressure ratios, the configurations with the high Performance of the configuration with two flaps
expansion ratios had the best performance. In thdn Position a and two flaps in position d relative to
low nozzle pressure ratio range (top of fig. 29(a)), the configuration with four flaps in position c,
the nozzle configurations with the flaps in Observed statically (fig. 29(a)), did not
position b and in position ¢ experienced an abruptSignificantly change with  Mach number
drop in thrust ratio performance at nozzle pressure(ﬁg- 29(e))-
ratios of 2.5 and 4.0, respectively. These drops in
thrust ratio and the recovery afterward in the low  Since there were no pressure orifices in the
nozzle pressure ratio range are characteristic ofcruciform shroud, there are no pressure data
separated internal flow in an overexpanded nozzle@vailable to determine the source of performance

attaching itself to the diverging shroud walls as changes that occurred as flap position was
the nozzle pressure ratio is increased. A changed. However, the trends noted for varying
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expansion ratio, Mach number, and nozzle leads to the conclusion that the source of the
pressure ratio are typical of conventional performance differences arises from differences in
convergent-divergent nozzles as discussedoverexpansion effects on the internal surfaces of
previously. the shroud. It is likely that some of the internal
flow remained attached to thewvectorednozzle
Effect on Nozzle Thrust-Minus-Drag shroud wall downstream of the area ratio for fully
Performance of Positioning Flaps in expanded flow causing a thrust loss, and that
Cruciform Shroud for Vectoring when adjacent flap pairs were set in the same
position for vectoring this in some way acted as a
As noted previously, each cruciform shroud Mechanism to reduce, or prevent, overexpansion
flap could be set independently in any one of four losses on the divergent flaps of the shroud.
positions (fig. 4(f)). This capability was exercised
during the investigation by setting two adjacent ~ The fixed geometry portion of the cruciform
flaps in position a and the other two adjacent flaps Nozzle (i.e., that portion of the shroud ahead of
in position d so that a combined pitch and yaw the moveable flaps) has an expansion ratio of
thrust vectored configuration was created with 1.273, which corresponds to a nozzle pressure
flap geometric thrust vector angles of 962 ratio of 4.44 for fully expanded flow. Up to this
both planes. To provide a baseline unvectorednozzle pressure ratio the internal flow should
nozzle having the same expansion ratio as theSeparate symmetrically from the internal surfaces
vectored configuration, the shroud was also of the fixed portion of the shroud (before reaching
assembled with one pair of opposite flaps set inthe flaps) and no significant vectoring forces
position a and the other pair of opposite flaps setshould be generated by the internal flow.
in position d. Thecenterbodywith the convex Therefore, the only vector forces that should
base was utilized for both of these nozzle occur below a nozzle pressure ratio of 4.44 would
configurations and data were obtained at Mach be due to external aerodynamic forces acting on

numbers from O to 1.25 and are presented inthe vectored flaps. The data of figures 17(c), (e),
figure 17. and (g) show a break in the data trends with

nozzle pressure ratio above a nozzle pressure ratio
It should be noted that the thrust-minus-drag ©f 4, indicative of flow becoming attached to the

and resultant force ratios for the nozzle with the vectored flaps at Mach numbers from
vectored shroud geometry were significantly 0.60 to 0.95. At the lowest nozzle pressure ratios,
higher than those with thenvectored shroud the jet-on and jet-off vector angles and force and
geometry at Mach numbers of 1.15 and 1.25 at allmoment ratios are a measure of the effect of small
nozzle pressure ratios (figs. 17(a) and (b)). At model internal and external geometric and flow
Mach numbers from 0.60 to 0.95 thrust-minus- @symmetries combined with data distortion
drag performance was also better for the vectoredresulting from ratioing the variables to small
nozzle at attached flow conditions (above a nozzle values of thrust.

pressure ratio of 4.0). This was an unexpected

result since thrust vectored nozzles generally have The thrust vectoring characteristics of this
turning losses which result in lower thrust nozzle (figs. 17(c), (e), and (g)) are similar to
performance when compared to an unvectoredthose of anoverexpanded nozzle in which
nozzle. The absence of pressure instrumentation’€ctoring is initiated downstream of the throat
on the cruciform shroud limits the ability to (refs. 8 and 9). The magnitude of the measured
explain these performance differences by Vector angles shown in figures 17(c) and (e)
analyzing differences in local shroud pressures_indicate that this nozzle concept has the potential
Comparison of the centerbody base pressures (not0 Provide forces and moments that may be useful
presented herein) for the vectored and unvectored©or Vvehicle control. In order to separate the
nozzles did show that there was no effect of @erodynamic contribution of the vectored flaps
vectoring on the centerbody pressures. This resul@nNd the vectored jet contribution from the

16



measured vector angles, the measured jet-offrange at high and low altitudes for these nozzle
contribution was removed from the measured concepts were presented in reference 3 and are
jet-on vector angles. This was done with the reproduced in figure 3 for the Mach number range
assumption that the measured jet-off of this investigation.
(aerodynamic) normal and side forces at a given
Mach number remained constant over the nozzle The variations of discharge coefficient and
pressure ratio range. These jet-off forces and thethrust-minus-drag ratio with Mach number at the
jet-on thrust-minus-drag forces measured at eachnozzle operating conditions for high and low
Mach number and nozzle pressure ratio were thenaltitudes shown in the table in figure 3 are
used to calculate a jet-off contribution to vector presented in figure 30 for the various shroud
angle as shown in figures 17(d) and (f). These configurations with the concave centerbody base.
jet-off vector angles are then subtracted from the The variations with Mach number at the nozzle
measured jet-on vector angles to obtain the vectoroperating conditions of cruciform nozzle vector
angle contribution of the jet (top portion of angles adjusted for geometric and flow
figs. 17(d) and (f)). The nonzero jet-off vector asymmetries and the jet-on and jet-off vectoring
angle values for the unvectored configuration in increments due to deflecting the shroud flaps are
figures 17(d) and (f) (solid symbols) are assumed presented in figure 31(b) for the nozzle with the
to be due to a combination of the effect of the convex centerbody base. Although the data
forward support strut flow field, model presented in figures 30 and 31(b) are from
misalignment, and tunnel flow asymmetries. interpolations, they are represented by symbols to
indicate the nozzle Mach numbers at which the
In order to compensate for the effects of the interpolations were made.
aforementioned geometric and flow asymmetries,
the vector angle data of figures 17(d) and (f) were Discharge Coefficient
adjusted using the equations shown in
figure 31(a). These results (fig. 31(a)) show the As previously noted, discharge coefficients for
variation with nozzle pressure ratio of the the fixed shroud nozzle configurations with the
adjusted vector angles and the aerodynamic ancconcave centerbody were generally constant
jet portions of the total angle. The symbols above a nozzle pressure ratio of 3.0 (the constant
indicate the nozzle pressure ratios at which thedischarge coefficient value ranged between 0.90
data for the calculations were obtained from and 0.94 depending on nozzle configuration). At
figure 17. As would be expected, the aerodynamicnozzle pressure ratios between 2.0 and 3.0,
effect of deflecting the flaps for vectoring is the discharge coefficient increased by between 0.03
largest portion of the vector angle up to the nozzle and 0.05 before reaching the nearly constant level
pressure ratio 4.44 since little internal flow of the higher nozzle pressure ratio range.
turning (or asymmetric flow separation) should
occur in the axisymmetric divergent portion of the ~ The variation of discharge coefficient with
nozzle ahead of the variable flaps. Mach number for the six nozzle configurations
having the same expansion ratio with the concave
Comparison of Nozzle Performance at centerbody is presented in figure 30(a) for the

Representative Engine Operating Pressure  high and low altitude nozzle operating pressure
Ratios ratios. The drop off in discharge coefficient at the

lower subsonic Mach numbers for the low altitude

In order to make a meaningful comparison of condition results from the lower nozzle operating
performance for these nozzle concepts in apressure-ratlos. Above_a_ Mach number of 0.90,
particular mission application, it is necessary to nozzle discharge coefficient was between 0.93

know the operating pressure ratios for the nozzles@nd 0.94 for all five fixed shroud configurations.
at various flight conditions. The mission engine !N figure 30(b) the variation of discharge
operating pressure ratios over the Mach numberc0€fficient with Mach number for seven
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cruciform shroud nozzle configurations with the configurations with the concave centerbody is
concave centerbody is presented for the high andpresented in figure 30(b) for high and low altitude
low altitude nozzle operating pressure ratios. nozzle operating pressure ratios. At subsonic and
Once again there is some drop off in dischargetransonic speeds only nozzle configurations with
coefficient at the lower Mach numbers for some all four shroud flaps in the same position were
configurations. Discharge coefficient was tested while at the three high supersonic speeds;
between 0.94 and 0.95 for all cruciform shroud nozzle configurations with intermediate
configurations at Mach numbers higher than 0.80. expansion ratios, obtained by setting one pair of
opposite shroud flaps at a different position than
As noted earlier, a discharge coefficient of the other pair, were also tested. As would be
0.96 was selected during the design process toexpected, the best thrust-minus-drag performance
size the nozzle exit area at supersonic cruiseat the low subsonic Mach numbers was obtained
conditions. The data obtained during this with all the flaps in position d, that is, at the
investigation at high supersonic speeds indicatelowest nozzle expansion ratio. As Mach number
that measured nozzle discharge coefficient was(and nozzle operating pressure ratio) increased,
between 0.93 and 0.95 for all shroud the underexpansion losses for the lowest
configurations with the concave centerbody at expansion ratio configuration (position d) became
high and low altitude nozzle operating pressuretoo large and the flap position ¢ nozzle

ratios. configuration, with its incrementally higher
expansion ratio, provides the best performance.
Thrust-Minus-Drag Ratio This performance crossover point occurs at

approximate Mach numbers of 1.05 and 1.25 for

In figure 30(a) the variation with Mach the high and low altitude missions, respectively.
number of thrust-minus-drag ratio for six different Eventually, the underexpansion losses for the flap
shroud configurations having the same expansionposition ¢ nozzle configuration become too large
ratio with the concave centerbody is presented atand the b flap nozzle configuration, with its
the high and low altitude nozzle operating incrementally higher expansion ratio, provides the
pressure ratios. As can be seen from both thebest performance. This performance crossover
high and low altitude mission conditions, the occurred at approximate Mach numbers of 2.3
short axially vented shroud gave the best thrust-and 2.5 for the high and low altitude missions,
minus-drag performance at Mach numbers up torespectively. For the Mach numbers of the current
1.25. However, at the high supersonic Mach investigation, the flap position a nozzle
numbers, the nozzle with the cruciform shroud configuration (largest expansion ratio tested)
had the best thrust-minus-drag performance whilenever provided the highest performance.
the short axially vented shroud had the poorestHowever, it is expected that a performance
performance. Of the five fixed shroud -crossover would also occur for this configuration
configurations (excludes the cruciform nozzle), at some higher Mach number. These results
the long annular vented shroud nozzle had theindicate, as would be expected, that the ability to
highest performance at high Mach numbers. change expansion ratio by varying the cruciform
Comparison of the high altitude thrust-minus-drag shroud flap angles allows thrust-minus-drag ratio
trends with Mach number at transonic speeds forto be maximized as Mach number is increased.
the various nozzles indicates that the nozzle with
the cruciform shroud will probably surpass the Cruciform Nozzle Vectoring
performance of all the other fixed geometry
nozzle configurations at Mach numbers greater In order to obtain nozzle vector angles without
than 1.25. the small contributions of model geometric

asymmetries, internal flow asymmetries, model

The variation of thrust-minus-drag ratio with installation effects, and tunnel flow asymmetries

Mach number for seven cruciform shroud (shown in the vector angles of figs. 17(c) and (e)),
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the aerodynamic (flap deflection effect, jet-off) performance of several expendable nozzle
and vectored thrust (jet) increments have beenconcepts fornonaugmented turbojet powered

separated from the measured data. The adjustedupersonic applications. The effects of centerbody
vector angles and the aerodynamic and jet vectorbase shape, shroud length, shroud ventilation,
angle contributions at subsonic/transonic speedscruciform shroud expansion ratio, and cruciform

of the cruciform nozzle with two adjacent shroud shroud flap vectoring were investigated. The
flaps in the a position and the other two adjacentresults of the investigation indicate the following

shroud flaps in position d have been calculated conclusions:

using the equations shown in figure 31(a) and are

presented as a function of nozzle pressure ratio. 1. For those shroud configurations tested with

both a concave and convex centerbody base the
The adjusted pitch and yaw vector angles andconfigurations with the concave centerbody base
. _had a discharge coefficient that was about 0.02

vector angle increments are presented |nh_ h | . b
figure 31(b) for the high and low altitude nozzle "9N€r at nozzle pressure ratios above 3.0.

operating pressure ratios. The resulting Calculatedgowever}.dischargedcoeffigier;: t])‘or the cg)ggaved
data indicate that positioning the flaps for ase configurations dropped oft between 0.03 an

vectoring in the cruciform shroud can produce 0.05 at lower nozzle pressure ratios.

significant forces away from the axial (thrust) 2 ventilation of the overexpanded divergent
direction at subsonic/transonic speeds, which cansproud to the boattail (external) flow generally
be utilized for vehicle control or maneuver. Atthe jmproved thrust-minus-drag performance at
high altitude nozzle operating pressure ratios, sypsonic and transonic Mach numbers but
nearly constant values of adjusted pitch and yawdecreased performance at Mach numbers above
thrust vector angle were calculated at Mach 1 25 The performance improvements were a
numbers from 0.60 to 1.25. These adjusted vectorresylt of earlier separation in theverexpanded
angles, which include the aerodynamic (external) shroud and an increased pressure in the separated
effect of deflecting the flaps 9.26n both the  yagjon.
pitch and yaw planes, exceed the shroud flap
geometric thrust vector angle by betweerf @5d 3. For nozzles having the same expansion
2.0° depending on Mach number. If the internal ratio, the short, axially vented nozzle had the best
(jet) vector contributions to the adjusted vector thrust-minus-drag performance over the nozzle
angles are compared to the geometric vector angldressure ratio range at Mach numbers up to 0.95
they are found to be between 9@nd 2.3 less  but was approached in performance by other
than the 9.26 geometric vector angle, depending configurations at Mach numbers of 1.15 and 1.25.
on Mach number, as might be expected due to jetAt Mach numbers above 1.25, the cruciform
turning losses. At the low altitude nozzle nozzle had the best thrust-minus-drag
operating pressure ratios of the lower Mach performance.
numbers where the internal flow separates from
the nozzle wall ahead of the flapped portion of the 4. The nozzle with the cruciform shroud had
shroud, the adjusted and jet vector angles werethe highest thrust-minus-drag ratios of all the
more dependent on Mach number than was thenozzles at all Mach numbers when the flaps were
case for the high altitude mission. positioned to give expansion ratios close to those
required for fully expanded flow.
Conclusions
5. When the cruciform nozzle shroud flaps

Investigations have been conducted in the were positioned for combined pitch and yaw
Langley 16-Foot Transonic Tunnel (at Mach vectoring at subsonic and transonic speeds,
numbers from 0.60 to 1.25) and in thangley  significant aerodynamic and propulsive forces and
Unitary Plan Wind Tunnel (at Mach numbers moments were generated that may be utilized for
from 2.16 to 2.86) to determine the isolated vehicle control or maneuver.
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AppendixA estimated accuracy of the pressure measuring
instrumentation attached to the various model

Instrumentation and Calibration orifices (as identified in the sketches of fig. 32) is
Accuracies presented in table 9.

The laboratory calibration of the force balance
ilable f h del i : q was used in the data reduction with various
avallable tor the model Instrumentation an correction factors added to account for model

f:allbr_atlo_n standards T\t thT_bt'"_]e of tgesde installation and propulsion simulation system
Investigations. However the calibration standards e cts There are two major contributors to the

were routinely checked as a standard pr_actlce andoalance installation effects. One is the combined
all .the_ tunnel and model instrumentation were effect of flexing and pressurization of the metallic

maintained to the same levels of accuracy as arg aiiows that pass the high pressure air for the
currently used. propulsion simulation system from the nonmetric
to the metric portion of the model. The second is
the restraint of pressure tubing crossing from the
nonmetric portion of the model to the metric

@ortion of the model. These effects were

etermined before each test by applying

calibration equipment. EIeptromcaIIy SCanNNiNg ompinations of known loads to the model (jet-on
pressure modules (housed in the model forebody)and jet-off) with standard calibration nozzles

were used to measure model external pressure$ysialled in place of the test nozzles
and many of the internal pressures in low pressure
regions. The dominant contributor to the accuracy  Estimates of the accuracy of the installed

of the eletronically scanning pressure modules iSpgjance force and moment measurements are
the effect of test section temperature variation. As presented in table 10 along with uncertainty data
a tunnel run progressed, test section temperaturgo; test section flow parameters and for
changed with time or Mach number, especially in parameters associated with the high pressure jet
the 16FT TT. The modules were calibrated during flow. The uncertainty data were estimated as the
the run as necessary, based on the comparison fpot-sum-square of the individual contributions
known pressures that were monitored both by theyith 95-percent confidence and were obtained

electronic modules and accurate pressurefrom subsequent tests that used the same
transducers outside the tunnel circuit. The jhstrumentation.

No documented uncertainty data were

All the individual pressure transducers (housed
outside the tunnel circuit) that measured internal
model pressures were calibrated within specified
accuracy ranges before each test using standar
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Appendix B can be calculated for each free-stream Mach
number.

Adjustments to Thrust-Minus-Dra
DaJta 9 The skin friction drag forward of the nozzle

connect station was calculated using the approach

_ _ ~ of reference 10. The pressure drag of the
The thrust-minus-drag data presented in this poattailed portion of the afterbody forward of the
report represent the performance of the entire,g771e connect station (see fig. 4(a)) was

metric portion of the model as installed in the ompyted from static pressures measured on that
wind tunnels with a force correction applied for portion of the afterbody. Eighteen pressure

the pressure differential between the pressuresyiifices were arranged in equal rows of six on the
measured at the metric break and free-streamtOp one side. and bottom of the boattail.

static pressure. If the data are needed as iSOIateWeighted axially projected areas were computed
nozzle-only performance data it can be adjustedigy each orifice for the pressure force

by applying increments for the skin friction and omputation. The boattail pressures used for this
pressure drag on that part of the metric afterbOdycomputation are not presented in this report.
forward of the nozzle connect station

(Sta. 54.760). The results of the friction and pressure drag

_ . computations are presented in figure 33 and have
The portion of the metric afterbody forward of peen ratioed to ideal thruggi} so that they are in

the nozzle connect station is far enough ahead of; ondimensional form compatible with the
the nozzle exit so that variation in nozzle preSSUrethrust-minus-drag ratio data of this report. Since

ratio has no measurable effect on the drag of thatiye calculated drag contributions are a constant at
part of the afterbody. Since model angle of attack a3cn Mach number and are independent of the

was not varied during the investigation, the nqz7le configuration installed, they have no effect
pressure distribution over the boattailed portion of 5, any of the conclusions drawn in the discussion
the model ahead of the nozzle connect stationys inis report when the various nozzles are

remained a constant for a given Mach number. compared. Application of the computed friction
Therefore, to represent the contribution of the 5,4 pressure drag to obtain isolated nozzle-only

portion of the metric afterbody forward of the §aia affects only the level of performance at a
customer connect station, a single value of Skingiven Mach number and nozzle pressure ratio.
friction drag and a single value of pressure drag
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Table 1. Nominal Free-Stream Test Conditions

M | Facility | Pt o, PSI Poos PSI | G0, PSI| Tt s °R Ry
00 |16FTTT 147 14.7 Atm.
0.0 | UPWT | 0.6t01.3] 0.6t01.3 525 to 555
.60 | 16FT TT]| 14.7 11.54 2.93| 556t0595 3.00°to 3.3x 1(F
.80 9.67 433 | 582t0620 3%610°to 3.8x 1(P
.90 8.72 4.95 | 588t0626 3610°to 3.9x 1(P
.95 8.25 5.21 | 5820629 3610°to 4.0x 1P
1.15 6.48 6.00 | 607 to 635 371(P to 4.0x 10°
1.25 5.69 6.22 | 59810637 371(Pto 4.1x 10°
2.16 | UPWT 9.4 .93 3.04| 582to588 xad
2.50 11.1 .65 2.85| 584 to 590
2.86 13.4 46 2.60| 584 to 588
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Table 2. Internal Geometry of Long Unvented Shroud

X/ r/dnc X/ r/dnc X/ r/dnc
0.44555 0.20278 0.36233 0.46564 0.35951

.00745 .44537 .20408 .36157 47027 .36116

.01488 44491 .20587 .36054 47431 .36262

.02232 44424 .20704 .35985 .48238 .3654(

.02973 44319 .20892 .35876 .49099 .36824

.03712 .44183 21077 .35769 .50015 371372

.04450 .44029 21194 .35701 .50988 37446

.05185 .43847 .21332 .35623 .52020 37776

.05919 43643 21492 .35531 53112 .38113

.06653 43420 21677 .35425 .54269 .38454

.07388 43175 .21893 .35300 .55488 .3879¢

.08123 .42909 22143 .35158 56774 .39143

.08860 42621 22431 .34993 .58127 .39482

.09599 .42308 22764 .34803 .59544 .3980¢

10341 41972 23144 .34587 .61020 40154

.11087 41610 .23579 .34339 .62557 .40504

11829 41224 .24072 .34059 .64151 .40864

12197 .41006 .24629 .33742 .65798 41231

.12565 .40790 .25250 .33386 .67496 41601

.12933 .40573 .25941 .32986 .69241 .4198(

13301 .40355 .26705 .32547 .71031 42348

.13668 .40139 .27545 .32079 .72862 42711

.14036 .39922 .28492 .31644 74720 43094

14404 .39704 .29547 .31283 .76604 434872

14772 .39487 .30707 .31061 .78513 .43856

15139 .39269 .31938 .30974 .80434 44226

.15508 .39051 33212 .31048 .82362 44603

.15875 .38835 .34494 .31284

16243 .38618 .35753 .31660

16610 .38400 .36968 .32134

.16978 .38183 .38136 .32650

.17345 .37965 .39257 .33168

A7714 37748 .40337 .33637

.18081 .37530 41364 .34057

.18585 .37230 42326 .34435

.18810 .37098 43217 34771

19262 .36830 44035 .35068

19617 .36620 A4TT7 .35331

.19893 .36458 45442 .35565

20111 .36332 .46039 .35766
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Table 3. Internal Geometry of Short Unvented Shroud

X/ r/dnc X/ r/dnc X/ r/dnc X/ r/dnc
0.44555 0.20278 0.36233 0.33070 0.32644 0.482556 0.41B14
.00745 .44537 .20408 .36157 .33449 .32934 48634 41928
.01488 44491 .20587 .36054 .33830 .33234 49015 42038
.02232 44424 .20704 .35985 .34208 .33534 493938 42141
.02973 44319 .20892 .35876 .34589 .3383( 49774 42240
.03712 .44183 21077 .35769 .34967 .34124 .5015p 42834
.04450 .44029 21194 .35701 .35348 .34429 .5053B 42422
.05185 .43847 .21332 .35623 .35728 34714 .50918 42507
.05919 .43643 21492 .35531 .36107 .35014 .5129p .42%87
.06653 .43420 21677 .35425 .36487 .35314 51672 42684
.07388 43175 .21893 .35300 .36866 .35604 .52051 427158
.08123 .42909 22143 .35158 .37246 .35904 52431 42832
.08860 42621 22431 .34993 .37625 .36201 52810 42906
.09599 .42308 22764 .34803 .38005 .36494 .53190D 42980
10341 41972 23144 .34587 .38384 .36761 .53569 43054
.11087 .41610 .23579 .34339 .38764 .37044 .53949 .43128
11829 41224 .23960 .34123 .39145 .37314 .54330D .43202
12197 .41006 .24339 .33905 .39524 .37584 .54708 43275
.12565 .40790 24719 .33689 .39904 .37844 .55089 43849
.12933 .40573 .25098 .33473 .40283 .38099 .55468 43423
13301 .40355 .25478 .33255 .40663 .38334 .55848 43497
.13668 .40139 .25857 .33039 41042 .38571 .5622f7 .43%71
.14036 .39922 .26237 .32823 41422 .38799 .5660[ 43645
14404 .39704 .26616 .32606 .41801 .39014 .56986 43719
14772 .39487 .26996 .32390 42181 .39234 57366 43791
15139 .39269 27375 32174 .42560 .39434 57745 43865
.15508 .39051 27755 .31956 .42940 .3964( .58125 43939
.15875 .38835 .28136 .31740 43321 .39834 .5850b 44013
16243 .38618 .28514 .31524 .43699 .40021 .58884 44087
16610 .38400 .28895 .31307 .44080 40209 .59265 44161
.16978 .38183 29273 31126 44458 40377 .59643 44235
17345 .37965 .29654 .31018 .44839 .40547% .60024 44309
A7714 37748 .30033 .30975 .45218 40714 .6040p 44381
.18081 .37530 .30413 .30993 .45598 .40867% .6078B .44455
.18585 .37230 .30792 .31073 .45977 .4102( .6116p .44%29
.18810 .37098 31172 31222 .46357 41164 .6154p 44603
19262 .36830 .31552 .31456 46737 41307
19617 .36620 .31931 .31753 47116 41441
.19893 .36458 32311 .32049 47496 41571
20111 .36332 .32690 .32345 47875 41694
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Table 4. Geometry of Annular Vented Shroud

(a) Forward component of shroud

Forward shroud internal flow path Boattail and passage inner wall
X/dnc I'/dnc X/dnc I'/dnc X/dnc I'/dnc X/dnc I'/dnc
0 0.44555 | 0.21492 0.35531 O 0.500p0 0.36240 0.39451
.00745| .44537 21677 .35435 .00755 .49956 .36996 .39L46
.01488 | .44491 21893 .353(¢0 .01510 .49%904 37751 .38B41
.02232| .44424 22143 .351%8 .02265 .49845 .38505 .38p35
.02973| .44319 22431 .34993 .03020 .497175 .39260 .38p30
.03712| .44183 22764 .348(93 .037)7/5 .49700 .40016 .37p25
.04450| .44029 23144 34587 .04530 .49¢14 .40Q771 .37p21
.05185| .43847 23579 .34339 .05285 .49%21 41526 .37B16
.05919| .43643 24072 .340%9 .06040 .49418 .42280 .37pl1
.06653| .43420 24629 .33742 .06795 .49309 .43036 .36f06
.07388| .43175 .25250 .33336 .07550 .49191 43791 .36§00
.08123| .42909 25941 .32986 .08305 .49063 .44546 .36pP95
.08860 | .42621 26705 .32547 .09060 .48927 .45300 .35f90
.09599 | .42308 27545 32079 .09815 .48182
10341 | .41972 28492 .31644 .10570 .48430
11087 | .41610 29547 31283 11325 .48467
11829 | .41224 30707 .31061 .12080 .48%97
12197 | .41006 31938 .30974 .12835 .48118
12565 | .40790 33212 .31048 .13590 .47930
12933 | .40573 34494 31284 .14345 47132
.13301| .40355 35753 .31660 .15101 .47%26
13668 | .40139 .36968 .32134 .15855 .47310
14036 | .39922 38136 .326%0 .16610 .47(985
14404 | .39704 39257 .331¢8 .17366 .46851
14772 .39487 40337 .33637 .18121 .466407
15139 | .39269 41364 .340%7 .18875 .46354
15508 | .39051 42326 .34435 .19630 .46(92
.15875| .38835 43217 34771 .20385 .45818
16243 | .38618 44035 .35068 .21141 .45%37
.16610| .38400 AA4777 35331 21896  .45%44
.16978| .38183 22650 .44942
17345| .37965 23406 .44636
A7714 | 37748 24161  .44331
.18081| .37530 24916 .44026
.18585| .37230 .2567p .437232
.18810| .37098 26426  .43417
19262 | .36830 27181  .43112
19617 | .36620 27936  .42807
.19893| .36458 28690 .425(1
.20111| .36332 29445 42196
.20278| .36233 30201 .41891
.20408 | .36157 30956 .41586
.20587 | .36054 31711 41281
.20704 | .35985 .3246p  .40977
.20892| .35876 33221 .40670
.21077| .35769 33976 .403¢5
21194 | .35701 34731 .40041
.21332| .35623 35485 .397%6
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Table 4. Concluded

(b) Aft component of shroud

Passage outer wall and shroud interngl
flow path Aft shroud boattail

X/dnc r/dnc X/dnc r/dnc X/dnc r/dnc x/dnc r/dnc
0.18562 | 0.48735] 0.52345 0.3893B 0.18613 0.49Q25 0.717Y37 0.44240

.19256 .48516 .52946 .39094 .1967pb 489649 .72800 46185

.19951 .48289 .53545 .39254 .20738 48914 .73862 46129

.20645 .48056 .54146 .39411 .21801 .488%8 74925 46073

.21339 47814 54747 .39563 .22863 48801 .75987 46018

.22035 47566 .55346 .39711 .23926b A8747 77049 45962

22729 47308 .55947 .39854 .24988 .48690 781112 45907

.23423 47045 .56548 .39991 .2605[1 48634 79174 45851

.24118 46779 57147 40124 27118 48519 .80237 45195

24812 46512 57748 .4026( .2817pb 48523 .81299 457140

.25506 46246 .58349 40391 .29238 48447 .82362 45684

.26202 45981 .58949 40513 .3030p 48412

.26896 45715 .59549 40633 .313683 .483%6

.27590 .45450 .60149 .4075( .3242b6 48301

.28285 .45185 .60750 .40861% .33488 .48215

.28979 44920 .61350 .40984 .3455p 48189

.29673 44655 .61950 41101 .35613 48134

.30368 44390 .62551 41214 .3667pb 48018

.31062 44125 .63150 41334 37737 .480%2

.31756 43862 .63751 .4145( .38800 AT79¢7

.32452 43597 .64352 41563 .3986pR 47911

.33146 43334 .64953 41674 40926 .A78%6

.33841 43070 .65552 41784 41987 47800

.34535 42807 .66153 41897 .4305p .47713

.35229 42544 .66753 42004 4411p 47689

.35925 42282 .67353 42117 45176 47632

.36619 42018 .67954 42224 46237 47516

.37313 41756 .68554 42324 47299 47531

.38008 41493 .69155 42434 .4836R AT7465

.38702 41231 .69754 42534 49424 47410

.39396 .40969 .70355 42643 .5048)7 A73%4

40092 40709 .70956 42753 .51549 47298

40786 40447 .71555 .4286( .5261p 47243

141480 .40186 .72156 42961 53674 AT187

42175 .39926 72757 .43054 54737 A7131

42869 .39664 .73356 43153 .55799 47016

43563 .39405 74558 43254 .5686[1 .470%0

44259 .39145 .75158 43453 57926 46964

44953 .38884 75758 .4355( .58988 46909

45647 .38625 .76358 43644 .6005p .468%3

46342 .38366 76959 43743 61118 46798

46941 .38177 77558 43834 .6217pb 46742

47542 .38048 .78159 43934 .63238 46685

48143 .37986 .78760 44034 .64300 46631

48744 .37989 .79359 44134 .65363 46514

149343 .38053 .79960 44234 .66426 46518

149944 .38214 .80561 44334 67487 464643

.50545 .38402 .81162 44424 .6855p 46407

51144 .38588 .81761 44514 .6961p .463%2

.51745 .38764 .82362 44603 .7067b 46296
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Table 5. Centerbody Coordinates

X/ I/r max | X/ ‘ I/r max X/ I/r max

Centerbody
0 1.0 0.04439 0.97321 0.08878 0.89859
.00370 .99955 .04809 .96839 .09248 .89201
.00740 .99905 .05179 .96308 .09618 .88541
.01110 .99818 .05549 .95731 .09988 .87893
.01480 .99691 .05919 .95100 .10358 .87234
.01850 .99532 .06289 .94446 .10728 .8658(
.02220 .99332 .06659 .93792 .11098 .85926
.02590 .99096 .07029 .93134 .11468 .85264
.02959 .98824 .07399 .92480 .11838 .84614
.03329 .98510 .07769 .91826 .12208 .8396(
.03699 .98156 .08139 .91167 12726 .83043
.04069 .97761 .08508 .90513

Concave base
0.09037 0 0.08374 0.61285 0.11880 0.79904
.08227 .05604 .08779 .63951 .12012 .80419
.07507 11257 .09158 .66344 12129 .80864
.06874 .16886 .09514 .68483 12232 .81259
.06435 .22512 .09846 .70386 .12324 .81599
.06155 .28025 .10157 .72066 .12405 .81894
.06046 .33350 .10445 .73551 12477 .82157
.06106 .38411 .10712 .74859 .12540 .82384
.06351 43128 .10957 .76004 .12596 .82584
.06668 47493 11181 .77003 .12645 .82757
.07043 .51490 .11385 77879 .12688 .82911
.07472 .55109 .11568 .78647 12726 .83043
.07934 .58347 11733 .79319

Convex base
0.12726 0.83043 0.19236 0.67443 0.25747 0.4220
.13022 .82539 .19532 .66521 .26043 .4085(
.13318 .81998 .19828 .65577 .26339 .39464
.13613 .81421 .20124 .64605 .26635 .38056
.13909 .80831 .20420 .63610 .26931 .36609
.14205 .80223 .20716 .62589 27227 .35121
.14501 .79600 .21012 .61535 .27523 .33611
14797 .78969 .21308 .60459 .27819 .32059
.15093 .78338 .21604 .59360 .28115 .30473
.15389 .77698 .21900 .58243 .28411 .28861
.15685 77044 .22196 57112 .28707 27234
.15981 76371 .22492 .55967 .29003 .25544
16277 .75663 .22788 .54805 .29299 .23764
.16573 .74923 .23084 .53629 .29595 .21864
.16869 .74151 .23380 .52434 .29891 .19815
17165 .73356 .23676 51222 .30186 17524
17461 .72543 .23972 .49986 .30482 .14857
17757 71721 .24268 48733 .30778 .12009
.18053 .70895 .24563 A7457 .31074 .07454
.18349 .70059 .24859 46167 .31225 0
.18645 .69210 .25155 44861
.18941 .68338 .25451 43541

)
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Table 6. Long and Short Shroud Pressure

Orifice Locations

Long shroud Short shroud
¢,deg X/Ghe X/Ghe
Internal pressure orifice locations

55 0 0

76 .0923 .0923

84 .1848 .1848

96 .2307 .2307
104 2773 2773
125 .3192 .3001
129 .3579 .3244
141 .3967 .3486
170 4355 3727
186 A744 .3970
190 5132 4213
215 .5519 4455
219 .5907 .4698
231 .6295 4941
235 .6682 .5183
256 .7070 .5425
264 .7459 .5667
276 7847 .5910
284 .8087 .6005
174 .8235 TE .6153 TE
354 .8235 TE .6153 TE

External pressure orifice locations

305 0.0087 0.0087
309 .0923 .0923
321 .1848 .1848
325 .3579 3232
346 .5907 4617
350 .8087 .6005
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Table 7. Annular Vented Shroud Pressure Orifice Locations

@, deg X/ Surface
14 0.18645 Inner, forward shroud
35 .23084
39 .27523
84 .31933
96 .36372
141 40811
170 44407
215 0 Outer, forward shroud
219 .09086
264 18112
276 .27168
321 .36224
6 0.23650 Inner, aft shroud
10 .32021
51 41048
55 .48935
76 .52131
104 .55460
125 .59692
129 .64220
186 .68955
190 73247
231 .78100
235 .81651
256 0.81651 Outer, aft shroud
284 51228
305 .29195
309 .20154
174 0.82376 Trailing edge, aft shroud
354 .82376

Table 8. Centerbody Pressure Orifice
Radial Locations

@,deg r/f max
0 0
.2398
4155
.5363
.6344
.7193
352 0.7952
20 .8760
340 .9605
8 1.0
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Table 9. Accuracy of Pressure Transducers Connected
to Model Orifices

Pressure transducer accuracy, psi, at
M =0 (at low nozzle | M =0 (at high nozzle|
pressure ratios) pressure ratios)
Orifice and 0.60 to 1.25 and2.16 to 2.86
1.2 -0.263 -0.175
3.4 -0.175 -0.175
5 -0.175 —-0.088
6 to 27 -0.018 -0.018
28 to 31 -0.175 -0.018
32 -0.018 -0.088
33 -0.263 -0.175
34 to 37 -0.350 -0.175
381043 -0.018
44,45 -0.263 -0.175
46 -0.350 -0.088
47,48 -0.263 -0.175
49 to 58 -0.018 -0.018
59 -0.350 -0.175
60 -0.263 -0.175
61 -0.263 -0.088
62 t0 73 —-0.018 -0.018
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Table 10. Force Balance Accuracy and Tunnel
Parameter Uncertainties

(&) Accuracy

Balance
component Accuracy
NF +2.46 Ib
AF +3.12 1b
PM +25.1in-lb
YM +18.1in-Ib
SF +2.46 Ib

(b) Uncertainties

Facility (Pt,j)un:PSi | (Peo)uns PSI (Peo Jun: PSI (Wo/ Wi)un (FIF)un
16FTTT +0.253 +0.005 +0.005 +0.003 +0.006
UPWT +0.131 +0.009 +0.009 +0.003 +0.006
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(a) View of model with cruciform shroud installed in 16-Foot Transonic Tunnel test section (top removed).

Figure 1. Photographs showing model installations in Langley 16-Foot Transonic Tunnel and Langley Unitary Plan
Wind Tunnel.
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(b) Closeup of cruciform nozzle with one pair of opposite flaps in position a and other pair of opposite flaps in
position d.

Figure 1. Continued.
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(c) Model with long axially vented shroud mounted from test section sidewall of Unitary Plan Wind Tunnel.

Figure 1. Continued
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(d) Closeup of annularly vented nozzle mounted on test pod
Figure 1. Concluded.
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Nozzle operating pressure ratios for
Mach numbers of thisinvestigation

Mach | High dltitude | Low altitude
i 0.60 53 2.2 ]
i 80 6.1 29 ]
i .90 6.5 31 ]
; 95 6.8 33 ]
i 1.15 7.9 41 ]
i 1.25 83 48 ]
i 2.16 20.7 135 :
k 250 30.0 18.0 ]
B 2.86 445 ]
: High ]
- dtitude 1
o ] T Low ]
r - L altitude 1
- | ]
5 10 15 20 25
Mach number

w
o

Figure 3. Nozzle operating pressure ratios over range of Mach numbers for high and low altitudes.



6€

Nozzle connect

Sta. 47.760 ; . Minimum internal
station Centerbody maximum :
diameter diameter of shroud
> X oA
Edge of
< 7.000 > concave base 6.026

6.106

== \
y

|

ﬁ Sl Q

6.022 4.404 ‘
2.000 —

5.064 L !

> L7 3.00°? L w A

< 12.565 S>> Upstream portion of
centerbody

Section A-A

(a) Unvented long shroud nozzle.

Figure 4. Sketches showing nozzle geometries with centerbody support struts and mass flow instrumentation omitted. iddsdingeimsinches unless
otherwise indicated.



017

Orifice locations
inwall of vent
X, in. zin.
Nozzle connect 3.065 | .10
Sta. 47.760 station 3565 | .10
4,065 | .10 — A
4.565 .10
—>» X 5065 | .07
5315 | .04
45.00° (typ.)
. 7.000 > 2000 [<—
z 6.00° (typ.)
Edge of
concave base
4.228

9.331 >
12.565

Section A-A

Upstream portion
of centerbody

Minimum internal
diameter of shroud

Note: All other dimensionsidentical to long shroud nozzle shown in figure 4(a).

(b) Axially vented long shroud nozzle.

Figure 4. Continued.

Centerbody maximum
diameter
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Sta. 47.760

€«— 7.000 —— >

Nozzle connect
station

o

(@]

N
2 >

»
(—d§—)

Centerbody maximum
diameter

Edge of
concave base

— A

1.447}«

/
Concave
base 4.184
Convex
base
3.00° f
11.158 >

Section A-A

\ ‘\
\ \ )
6 S
X
Minimum internal
diameter of shroud

Upstream portion
of centerbody ——

(c) Unvented short shroud nozzle.

Figure 4. Continued.
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Qrifi ce locations
Nozzle connect inwall of vent
Sta. 47.760 station X in. | zin.
2.618 | .10
2928 | .10
— > X 3.238 | .10 A
3538 | .10
3.848 | .07
€«— 7.000 ———— > 1950 4.008 | .04 45.00° (typ.)
6.00° (typ.)
Edge of
concave base —
4.270
Upstream portion
of centerbody — Centerbody maximum
< 9.144 N _ diameter
Minimum internal ‘ - A
- 11.158 > diameter of shroud —
Section A-A

Note: All other dimensions are identical to short shroud nozzle shown in figure 4(c).

(d) Axially vented short shroud nozzle.

Figure 4. Continued
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R=0.10at
(1.2574,3.3031)

einlet
height, 0.145—/

Detail B

Sta. 47.760

[ €«—— 7.000 —>

—— Passage exit
height, 0.186
-R=0.10at
Detail C (3.0577,2.4094)
Nozzle connect
station
——> X . 60.00° (typ.)
o Detail B )
0.250 3.00

I~ Concave T
base | 4184
Convex
base

> 1.

Upstream portion

8.257

‘ ‘ 4.00° of centerbody
3.00°
> Edge of
10.026 —— > concave base
—>| 1.886 |<=—
12.576 >
Section A-A

(e) Annularly vented long shroud nozzle.

Figure 4. Continued.

LI(: 0.998—>|
@

0.137 R=1.889

Section B-B (6 Places)

—> A

—><—0.069

— Centerbody
maximum diameter

6.106

Leading edge
of aft shroud

4.819

5177

Internal opening
of annular passage
7.340

Trailing edge

- 6.604 of aft shroud

Minimum interna
L » A diameter of aft shroud
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2958 - 12.13°
1.333 | —Smooth
\ contour
Internal contour same Yl

as long shroud

2.158 —4—)‘

Sta. 47.760

7.000

Nozzle centerline

Nozzle connect

6.022

A y
4.404 /
2.000

}
v
|

5.064
&
A B —

3.

station Section B-B
’—> X B
Concave
base
Convex

base |

00°

Center of rotation

x = 2.157
y=2618

13.813

Section A-A

(f) Cruciform nozzle.

Figure 4. Concluded.

Flap position | h;,in. B,deg | AdA:
a 7.200 -5.53 292
b 6.682 231 2.64
¢ 5.332 598 | 1.90

d(shown) | 4186 | 1300 | 127

q A
R =3.670
0.03— ||« f
0.04 y \B
h \\
2.960 (typ.)
Flap position ¢ (typ.) Flap position b (typ.)
Flap position a (typ.) —

Flap position d (typ.)
A

Hidden lines removed for clarity
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(a) Subsonic and transonic speeds.

Figure 5. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for long unvented nozzles. Open symbols
indicate concave centerbody base and solid symbols indicate convex centerbody base.
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(&) Subsonic and transonic speeds.

Figure 6. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for long axially vented nozzles. Open
symbols indicate concave centerbody base and solid symbols indicate convex centerbody base.
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Figure 6. Concluded.

48



.96

aiaat
Wp/W 92 L |
88
1.00
Mach
9
O 000
m O .60
92 —# '!F( A | O 80
II #’ A 90
88 A Ao s
/ D 115
/ ] QO 125
84 /
K. J,
FIFj i
nd 80 A
(F - D)/F; u
76 //
I
AR, i
12 i
68
N I/
64
|| /
i
60
o
56 %
1 3 5 7 9 11 13

NPR
(a) Subsonic and transonic speeds.

Figure 7. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for long annularly vented nozzles. Open
symbols indicate concave centerbody base and solid symbols indicate convex centerbody base.

49



.96

wWp/wi .92

.88
1.00

.96

92
F/F;

(F - D)/Fj
88

.80

Mach

O 0.00
O 216
O 250
A 286
kR = — /O]
O~
S0
%\ﬁ&
16 24 32 40 48
NPR

(b) Supersonic speeds.

Figure 7. Concluded.
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(a) Subsonic and transonic speeds.

Figure 8. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for short unvented nozzles. Open symbols
indicate concave centerbody base and solid symbols indicate convex centerbody base.
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Figure 8. Concluded.
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(a) Subsonic and transonic speeds.

Figure 9. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for short axially nozzles. Open symbols
indicate concave centerbody base and solid symbols indicate convex centerbody base.
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(a) Subsonic and transonic speeds.

Figure 10. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for cruciform nozzle with all flaps in
position a. Open symbols indicate concave centerbody base and solid symbols indicate convex centerbody base.
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(a) Subsonic and transonic speeds.

Figure 11. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for cruciform nozzle with all flaps in
position b. Open symbols indicate concave centerbody base and solid symbols indicate convex centerbody base.
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(a) Subsonic and transonic speeds.

Figure 12. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for cruciform nozzle with all flaps in
position ¢ with concave centerbody base.
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(b) Supersonic speeds.

Figure 12. Concluded.
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(a) Subsonic and transonic speeds.

Figure 13. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for cruciform nozzle with all flaps in
position d with concave centerbody base.
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(b) Supersonic speeds.

Figure 13. Concluded.
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Figure 14. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for cruciform nozzle with two flaps in
position a and two flaps in position b with concave centerbody base at supersonic speeds.
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Figure 15. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for cruciform nozzle with two flaps in
position a and two flaps in position ¢ with concave centerbody base at supersonic speeds.
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Figure 16. Thrust ratio, thrust-minus-drag ratio, and discharge coefficient for cruciform nozzle with two flaps in
position a and two flaps in position d with concave centerbody base at supersonic speeds.
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(&) Thrust ratio, thrust-minus-drag ratio, and discharge coefficient.

Figure 17. Thrust ratio, thrust-minus-drag ratio, discharge coefficient, thrust vector angles, and force and moment
ratios for cruciform nozzle with two flaps in position a and two flaps in position d with convex centerbody base at
subsonic and transonic speeds. Solid symbols indicate flaps not deflected for vectoring and symbols with plus signs
indicate flaps deflected for vectoring.
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Figure 18. Internal and external pressures on nozzle with long unvented shroud and concave centerbody. Solid
symbols indicate data at shroud base. Dots on nozzle sketch indicate pressure orifice locations.
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Figure 19. Internal and external pressures on nozzle with long unvented shroud and convex centerbody. Solid
symbols indicate data at shroud base. Dots on nozzle sketch indicate pressure orifice locations.
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Figure 20. Internal and external pressures on nozzle with long axially vented shroud and concave centerbody. Solid
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Figure 21. Internal and external pressures on nozzle with long axially vented shroud and convex centerbody. Solid
symbols indicate data at shroud base and plus signs in symbols indicate data on walls of vent. Dots on nozzle sketch
indicate pressure orifice locations.
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Figure 22. Internal and external pressures on nozzle with long annularly vented shroud and concave centerbody.
Solid symbols indicate data at shroud base and plus signs in symbols indicate wall pressures in annular slot. Dots on
nozzle sketch indicate pressure orifice locations.
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Figure 23. Internal and external pressures on nozzle with long annularly vented shroud andcenterbrdy.
Solid symbols indicate data at shroud base and plus signs in symbols indicate wall pressures in annular slot. Dots on
nozzle sketch indicate pressure orifice locations.
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Figure 25. Internal and external pressures on nozzle with short unvented shroud and convex centerbody. Solid
symbols indicate data at shroud base. Dots on nozzle sketch indicate pressure orifice locations.
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Figure 27. Internal and external pressures on nozzle with short axially vented shroud and convex centerbody. Solid
symbols indicate data at shroud base and plus signs in symbols indicate data on walls of vent. Dots on nozzle sketch
indicate pressure orifice locations.
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Figure 28. Comparison of thrust ratio and thrust-minus-drag ratio performance over range of nozzle pressure ratios
for model with six different shrouds and concave centerbody base.
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Figure 29. Comparison of thrust ratio and thrust-minus-drag ratio performance over range of nozzle pressure ratios
for cruciform nozzle with concave centerbody base and flaps at various positions.
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Figure 31. Cruciform nozzle adjusted vector angles and vector angle increments with flaps in vectored
position 2a + 2d over nozzle pressure ratio range and at high and low altitude nozzle operating pressure ratios.
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